Abstract-This
I. INTRODUCTION
ypothermia is a neuroprotective treatment approach proven to be beneficial in brain ischemia caused by cardiac arrest [1] . It has also shown positive results for acute ischemic stroke in animal models [2] and small clinical series [3] . To administer hypothermia, practitioners have traditionally used whole-body cooling methods such as inferior vena cava cooling catheters [4] or surface cooling [5] . These systemic cooling methods take a long period of time to achieve therapeutic temperatures, and involve side effects, such as arrhythmias, coagulapathies, and infections [3] . Attempted selective brain cooling methods have included ice packs and cooling helmets [6] , but these methods have been determined to be largely ineffective [7, 8] .
A recent study explores a selective cooling technique for ischemic stroke through administration of intracarotid cold saline [9] . In this study, heat transfer in the brain was mathematically modeled, and the expected temperature response was determined for a range of input flow rates. From this study, it was determined that selective brain cooling to 32ºC could be attained using ice-cold saline at a flow rate of 30 ml/min. Furthermore, these therapeutic levels of hypothermia could be achieved within 10 minutes, a substantial methodical and technological improvement over systemic strategies (eg. inferior vena cava cooling catheters [4] .) This brain cooling model employed a number of assumptions and simplifications. One such simplification was that infused cold saline only affected a particular perfusion territory corresponding to the ipsilateral anterior and middle cerebral artery. In reality, however, the presence of the circle of Willis (CoW) enables cooled saline, infused through the internal carotid artery, to be distributed to the opposite side of the brain through the anterior communicating artery, or to the posterior perfusion territory through the ipsilateral posterior communicating artery (see Fig. 1 ).
Another assumption made in the previous model is that core temperature, which determines the temperature of blood feeding the brain in the model, was constant at normal body temperature (37ºC). However, when the cold saline mixes with arterial blood to cool the brain, this cooled blood returns from the brain (venous return, VR) to cool the core temperature too.
In this present study, the effects of the CoW and VR are implemented into a new enhanced model which explores the effect of intracarotid cold saline infusion on the temperature response in the human brain. With VR, the temperature response is expected to be both quicker and more pronounced. The questions regarding VR are 1) the magnitude of this enhanced cooling and response and 2) whether body temperature will be sustained near normal, or whether there will be a significant effect of systemic hypothermia from VR.
Similarly, this study will examine the effect of redistribution of cold saline throughout the brain as a result of the CoW. This should both blunt the temperature response in the ipsilateral anterior territory, and introduce cooling in the anterior contralateral and posterior ipsilateral territories. The questions regarding the CoW relate to 1) the degree of blunting of the cooling effect in the anterior ipsilateral territory due to redistribution of cold saline and 2) the amount of cooling that will be introduced into these other territories. 
A. Heat Transfer Model
Heat transfer is simulated in a three dimensional hemispherical mathematical model, developed in spherical coordinates, and consisting of four separate tissue layers: white matter, gray matter, bone, and skin. Heat transfer develops over space and time according to the Pennes bioheat equation [10] :
where T is tissue temperature, k is the tissue thermal conductivity, ρ is density, c is heat capacity, ω blood perfusion, q is tissue metabolism (also corrected in the brain for temperature), t is the time point, and x v is the spatial location . The subscript "blood" signifies blood density and heat capacity while the subscript "artery" signifies arterial temperature. All blood has core temperature except for the ipsilateral ICA whose temperature is [9] .
Further details of the formulation of the heat transfer model and parameter values have been previously presented [9] . Source vessels include the internal carotid arteries (ICA) and vertebral arteries (VA) which join to form the basilar artery (BA). CoW vessels include the anterior communicating artery (AcoA), A1 branch of the anterior cerebral artery (ACA), posterior communicating artery (PCoA), and P1 branch of the posterior cerebral arteries. CoW efferent vessels, which perfuse brain tissue, include the A2 branches of the ACA and PCA, and the middle cerebral artery MCA. Prefix "i" implies ipsilateral while "c" implies contralateral.
B. Venous Return
Since blood and brain tissues achieve thermal equilibrium [11] , VR temperatures were calculated by integrating the product of the brain temperature and blood perfusion over the entire brain model as follows:
T venous is the average VR blood temperature which has been cooled by ICSI.
If this venous blood is assumed to equilibrate with the core temperature, an expression to evaluate the evolving core temperature is: where ρ blood is the density of blood and T core is the core temperature. 
C. Circle of Willis
Modelling of the CoW was accomplished according to a linear model [13] . According to Poiseuille's law, the flow in a vessel is determined as follows:
where F is the flow, P 2 and P 1 are the pressures at the two ends of the vessels and G is the flow conductance. G itself is determined as follows: The hemispheric model was divided up into six perfusion territories corresponding to each of the cerebral arteries. Fig. 2 shows axial and paramedian diagrams describing the geometry of the perfusion territories. In general, the MCA territories take up the middle 90˚ of the axial domain at the Fig 2 (top) . However, the MCA territories also encompass all areas where |θ|<15˚ as shown in Fig. 2 (bottom) . Perfusion (ω) values in the brain are still assumed to be determined solely by temperature and hematocrit according to (4) . Cerebral perfusion pressure is assumed not to play a role in cerebral blood flow because it is assumed autoregulation is still intact. Flow rates through the cerebral arteries can then be determined by integrating the ω values in the corresponding perfusion territories in Fig. 2 Blood flows in the rest of the CoW and supply vessels (i.e. ICAs and BA) will then be determined by Kirchoff's circuit laws (i.e the sum of incoming flows towards an incoming arterial junction is 0 and the sum of pressure changes in a closed arterial circuit is 0). In this manner, the cerebral arteries act as flow sources (hydrodynamic equivalent of current sources in an electric circuit, and pressures of the origins of the ICAs and VAs are clamped to mean arterial pressure. The pressure values P i can be .determined according to the matrix equation F GP = (10) where G is a matrix of conductances whose off diagonal elements G mn is the conductance between node m and n and whose diagonal elements G mm are the negative of the sum of the conductances of all vessels which join at node m. P is a column vector of pressures P i corresponding to node i. F is a column vector of flows F i corresponding to node i and equaling sv ev G MAP F ⋅ − (11) where F ev is the flow of any efferent vessel at node i, MAP is the mean arterial pressure, and G sv is the conductance of any afferent vessel at node i.
The conductance values in this matrix were calculated according to (8) . After solving for P, which contains all the P i values of the CoW, flow values in all the CoW and source vessels are calculated according to (9) . This includes the ICA's, whose ipsilateral content includes the cold saline and blood perfusate and whose contralateral content includes core temperature blood, and the vertebral arteries, whose content consists of core temperature blood.
The combination of these flows in the CoW will permit calculation of temperature and hematocrit in the cerebral vessels.
Once flows throughout the CoW model are known, temperature and hematocrit values can be determined for all vessels in the model. For every junction of vessels, one can determine via (7) (13) where n is the number of inflowing vessels and the subscripted values correspond to each of the inflowing vessels. The flows of the vessels emerging from the junction all have temperature T and hematocrit HCT. All the temperatures in the vessels of the CoW can be determined using the temperatures of the source vessels, acquired from (2) and (5). Ultimately, the temperatures of the cerebral arteries are calculated and used as the arterial temperatures in (1) to propogate the brain temperature.
III. RESULTS
Three simulations were performed with a flow rate of 30 ml/min of freezing cold saline over a course of 1 hour: 1) no VR or CoW, 2) VR but no CoW, 3) VR and CoW. Temporal and spatial temperature results of these simulations are shown in Fig. 4 . The model without VR demonstrates mean ipsilateral anterior temperature (IAT), rapidly decreasing to a therapeutic level of approximately 32 ºC and then slowly increasing after 20 minutes of infusion as previously observed due to increased hemodilution [9] . The model with VR shows mean IAT continuing to decrease after this point. The CoW model also shows mean IAT rapidly decreasing, but reaching a slowing phase of temperature diminishment at a higher temperature than the non CoW simulations. In any case, mean IAT temperature for the CoW reaches approximately 32 ºC after an hour. The modeling also showed that with VR (also in the CoW model), the body temperature cooled 1 ºC over 1 hour.
Spatial results (Fig. 4 ) demonstrate therapeutic and uniform cooling in the IAT for all three models. For the VR model, cooling in the non-IAT regions also occurred due to body temperature lowering. In the CoW model, there was Cold perfusate is able to reach these territories via the anterior communicating and ipsilateral posterior communicating arteries. Fig. 5 demonstrates the evolution of flow rates in these vessels over the course of the simulation. The anterior communicating artery, which immediately after infusion has a slight contralateral to ipsilateral flow of 4 ml/min (due to hemodilution) quickly reverses and by 10 minutes of infusion delivers 20 ml/min of cold perfusate to the contralateral territory. The ipsilateral posterior communicating artery similarly doubles from 5 to 10 ml/min.
IV. CONCLUSIONS
This study demonstrates the effect of the CoW and VR in a model of brain cooling by intracarotid freezing cold saline. As expected, VR contributed to the cooling effect, eliminating the temperature rise due to hemodilution in the non-VR model and cooling the affected region of brain down to approximately 31 ºC. Body temperature decreased to 36 ºC, which was also within the predicted range, and avoids most systemic complications [9] . With the CoW model, the temperature within the treated region was slightly higher than in the non-CoW model, but still well within therapeutic levels. In addition, moderate cooling was introduced to regions in the contralateral hemisphere and posterior perfusion regions. This model demonstrates the feasibility of intracarotid cold saline infusion for ischemic stroke therapy because of its speed and avoidance of systemic hypothermia. Fig. 1 
